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ABSTRACT
Context. VV 655, a dwarf irregular galaxy with HI tidal debris, is a companion to the lenticular luminous infrared galaxy (LIRG)
NGC 4418. NGC 4418 stands out among nearby LIRGs due to its dense central concentration of molecular gas and the dusty, bi-polar
structures along its minor axis suggestive of a wind driven by a central starburst and possible nuclear activity.
Aims. We seek to understand the consequences of the ongoing minor interaction between VV 655 and NGC 4418 for the evolution of
the LIRG. Specifically, we consider the origin of the gas supply responsible for the unusual nuclear properties of NGC 4418.
Methods. We investigate the structural, kinematic, and chemical properties of VV 655 and NGC 4418 by analyzing archival imaging
data and optical spectroscopic observations from the SDSS-III and new spectra from SALT-RSS. We characterize their gas-phase
metal abundances and spatially resolved, ionized gas kinematics to better understand whether gas transfer between VV 655 and
NGC 4418 resulted in the highly obscured nucleus of the LIRG.
Results. The gas-phase metallicity in NGC 4418 significantly exceeds that in VV 655. No kinematic disturbances in the ionized gas
are observed along the minor axis of NGC 4418, but we see evidence for ionized gas outflows from VV 655 that may increase the
cross-section for gas stripping in grazing collisions. A faint, asymmetric outer arm is detected in NGC 4418 of the type normally
associated with galaxy-galaxy interactions.
Conclusions. The simplest model suggests that the minor interaction between VV 655 and NGC 4418 produced the unusual nuclear
properties of the LIRG via tidal torquing of the interstellar medium of NGC 4418 rather than through a significant gas transfer event.
In addition to inducing a central concentration of gas in NGC 4418, this interaction also produced an enhanced star formation rate
and an outer tidal arm in the LIRG. The VV 655-NGC 4418 system offers an example of the potential for minor collisions to alter the
evolutionary pathways of giant galaxies.
Key words. galaxies: individual: NGC 4418, VV 655 – galaxies: interactions – galaxies: ISM – ISM: kinematics and dynamics –
ISM: jets and outflows
1. Introduction
VV 655 is a gas-rich dwarf irregular galaxy that is interacting
with NGC 4418, its lenticular luminous infrared galaxy (LIRG)
companion (Armus et al. 1987; Varenius et al. 2017). While
galaxy-galaxy interactions, such as major mergers, are widely
studied as important evolutionary factors, the diversity of inter-
actions between gas-rich dwarf and giant galaxies is yet to be
systematically explored. Even so, it is clear that minor merg-
ers (. 1:10 mass ratio) can fuel central activity in giant galax-
ies (e.g., see Duprie & Schneider 1996; Pisano & Wilcots 1999;
Aalto et al. 2001; Balcells et al. 2001; Ferreiro & Pastoriza
2004; Koribalski & Manthey 2005; Sancisi et al. 2008; Knier-
? Based in part on observations made with the Southern African
Large Telescope (SALT) as part of program 2014-2-SCI-052 (P.I.: J.
S. Gallagher)
man 2010; Pearson et al. 2018). While simulations and obser-
vations underscore the importance of minor mergers as drivers
of galaxy evolution, the impact of minor interactions that do not
involve mergers is less well studied, especially from an observa-
tional perspective. These types of processes are difficult to de-
tect, especially in galaxies at cosmological distances, and can
help to explain the presence of LIRGs with apparently undis-
turbed structures that are seen out to at least moderate redshifts
(e.g., Pereira-Santaella et al. 2019).
NGC 4418 has several unusual nuclear properties, including
a deep mid-infrared silicate absorption feature produced by cold
dust (Roche et al. 1986; Spoon et al. 2001; Roche et al. 2015)
and an extraordinarily dense (n(H2) = 105 − 107 cm−3; Costagli-
ola et al. 2015) central concentration of ∼108 M of molecular
gas (Kawara et al. 1990; Aalto et al. 2007; Lahuis et al. 2007;
Imanishi et al. 2010; Sakamoto et al. 2010; González-Alfonso
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et al. 2012; Costagliola et al. 2015), including an extremely
Compton-thick nuclear region (N(H) & 1025 cm−2; Sakamoto
et al. 2013). Kpc-scale bipolar dust filaments extend from the
central regions of NGC 4418 (Evans et al. 2003; Sakamoto et al.
2013; Ohyama et al. 2019), which contain a post-starburst stel-
lar population as well as a possible highly obscured AGN (Roche
et al. 1986; Evans et al. 2003; Shi & Gu 2005; Sakamoto et al.
2013; Ohyama et al. 2019, see also §4). These features suggest
that an influx of interstellar matter reached the central zones of
NGC 4418 within the past ∼Gyr, leading to enhanced star for-
mation for at least the last 300 Myr (Shi & Gu 2005; Ohyama
et al. 2019) and possibly fueling AGN activity.
The general properties of NGC 4418, including a centrally
concentrated power source, substantial molecular medium, and
clear presence of dust, are found in a significant fraction (∼1/10
- 1/4) of early-type field galaxies (e.g., Koda et al. 2005; Kaviraj
et al. 2012; Nyland et al. 2017). However, NGC 4418 stands
out in terms of its status as a LIRG, the extreme density of
its circum-nuclear molecular medium, and its ongoing interac-
tion with VV 655, evidenced by the HI bridge connecting the
galaxies (Varenius et al. 2017; see Table 1 for a summary of the
properties of these galaxies). This presents the possibility that
either a gas transfer event or tidal torquing of the interstellar
medium (ISM) of the LIRG has shaped the nuclear properties
of NGC 4418. A variety of studies, including those focusing on
early-type galaxies with molecular interstellar matter by Lucero
& Young (2013) and O’Sullivan et al. (2018), emphasize the im-
portance of minor mergers and interactions in producing present-
day examples of gas-rich, early-type galaxies. NGC 4418 and
VV 655 thus present a crucial case study for better understanding
the mechanisms by which minor interactions can shape the evo-
lutionary trajectories of gas-rich dwarf and giant galaxy pairs.
In this brief communication, we explore the connection be-
tween the minor interaction of NGC 4418 with VV 655 and
the nuclear properties of the LIRG based on a combination of
archival, multi-wavelength observations and a longslit spectrum
obtained with the Southern African Large Telescope (SALT).
The next section presents the observations, which we analyze in
§3. In particular, we address whether there is evidence for low-
metallicity gas from VV 655 residing within NGC 4418. We also
examine the ionized gas kinematics to search for evidence of gas
accretion onto NGC 4418 and ionized gas outflows from VV 655
that could be feeding gas onto its companion. In §4, we explore
possible connections between the interaction with VV 655 and
the unusual properties of NGC 4418, including a comparison
of the relevant timescales. §5 contains a discussion of the re-
sults and our conclusions. We adopt a distance of 34 Mpc for the
VV 655-NGC 4418 system, giving a scale of 160 pc arcsec−1.
2. Observations
2.1. Spectroscopy
We conducted our analysis using complementary spectroscopic
data sets from the Sloan Digital Sky Survey III (SDSS-III;
§2.1.1)) and SALT (§2.1.2). As detailed below, the SDSS-III
single-fiber spectra provide broad wavelength coverage (λ ∼
3800 − 9200 Å) and excellent flux calibration in the central re-
gions of the galaxies only. In contrast, the SALT longslit obser-
vations offer spatially resolved spectroscopy across both galaxies
over a more limited wavelength range (λ ∼ 5560 − 6840 Å) at
somewhat improved spectral resolution (R ∼ 2500 vs. 2000 near
Hα).
2.1.1. Data from the Sloan Digital Sky Survey III
The SDSS-III data release 12 (DR 12) Science Archive
Server includes reduced spectra of VV 655 (Object ID:
1237648720159965325, Plate: 0289, MJD: 51990, Fiber: 0202)
and NGC 4418 (Object ID: 1237648720159965190, Plate: 0289,
MJD: 51990, Fiber: 0208)1. These spectra were taken with 3′′ di-
ameter fibers whose locations are shown in Fig. 1. In Table 2, we
reproduce the emission-line ratios determined from the SDSS-III
Portsmouth spectroscopic re-analysis for both galaxies. The re-
duced spectra extend redwards from approximately 3800 Å and
therefore miss the [OII]λ3727 doublet.
For VV 655, the ratio of I(Hα)/I(Hβ) = 3.6 observed by
SDSS is an upper limit since Hβ emission is more strongly af-
fected by underlying stellar absorption than Hα emission. As a
fiducial, we adopt an equivalent width for stellar absorption of
3 Å for the stellar Hα and Hβ lines (Gallagher & Hunter 1987).
Assuming that these add directly to the observed line intensi-
ties gives I(Hα)/I(Hβ) = 3.0, consistent with the values from
model fits in the SDSS emissionLinesPort tabulation. This
leads to an estimate of E(B-V) / 0.1 mag for the internal redden-
ing (e.g., Garn & Best 2010), where the foreground reddening is
E(B-V) = 0.07 mag. We do not perform a reddening correction
to the emission-line ratios discussed here due to the small size
of this correction and its uncertainty in a likely complex, clumpy
medium.
2.1.2. Spectra from the Southern African Large Telescope
A longslit spectrum of VV 655 and NGC 4418 was taken on
March 15, 2015 with the Robert Stobie Spectrograph (RSS) on
SALT as part of program 2014-2-SCI-052 (P.I.: J. S. Gallagher).
The 2×1250 s observations used a 1.5′′ slit width in combination
with the PG1800 VPH grating. We selected a slit position angle
of 304.5 degrees such that VV 655 was covered near the south-
eastern end of the 8-arcminute longslit as shown in Fig. 1. The
slit extends approximately along the minor axis of NGC 4418
and across VV 655, thereby offering a direct, spatially resolved
comparison of their emission-line intensities and gas kinematics.
In VV 655, the SALT spectrum samples a 6 kpc swath across the
galaxy, in contrast to the 0.5 kpc sampled by the SDSS fiber that
contains . 10% of the total light.
We used the PySALT science pipeline2 to perform a se-
ries of corrections (bias, gain, and cross-talk) and to pre-
pare and mosaic the six frames that constitute each spectrum
(Crawford et al. 2010). We then removed cosmic rays us-
ing the L.A.Cosmic task in IRAF3 (van Dokkum 2001). Us-
ing Ar comparison lamp spectra, we determined the disper-
sion solution using the noao.twodspec.longslit.identify,
.reidentify, .fitcoords, and .transform tasks.
We used the IRAF task images.immatch.imcombine to
perform a median image stack with median scaling and weight-
ing. To remove the sky lines, we extracted and subtracted sky-
line spectra from portions of the slit free from object contamina-
tion. We calculated the uncertainty per pixel by propagating the
Poisson error through the reduction process.
1 http://skyserver.sdss.org/dr12/en/tools/explore/
summary.aspx
2 http://pysalt.salt.ac.za/
3 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation.
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Fig. 1. VV 655 and NGC 4418 illustrated in a reproduction of a KiDS DR4 g-band archival image (Kuijken et al. 2019); the galaxies are separated
by a projected distance of 184′′ (30 kpc). The SALT-RSS longslit is shown in blue, and the SDSS fibers are indicated in green. The inset shows
the locations of r1 - r4 on an enlarged image of VV 655. The SALT observations allow the gas-phase chemical abundances and any kinematic
disturbances in the ionized gas to be characterized across the bodies of both galaxies.
We extracted spectra along the regions of interest around
VV 655 and NGC 4418 using a median combination over an 11-
pixel (∼ 450 pc) aperture. We calculated the emission-line inten-
sities by integrating over the lines of interest in the continuum-
subtracted spectra. The NGC 4418 spectra show evidence of a
broad stellar absorption feature at Hα, which we fit and removed
with an absorption line of equivalent width ∼ 2.5 Å. The uncer-
tainties on the measured intensities account for the Poisson error
and a 5% error on the continuum.
To characterize their kinematics, we fit the emission lines of
interest with single Gaussians using the IDL gaussfit func-
tion. This function uses a least-squares approach to determine
the best-fit line centers, widths, and amplitudes and the uncer-
tainties on these parameters. In instances where two Gaussian
components are required to sufficiently represent the emission-
line profile, we performed the multi-component fit by minimiz-
ing the chi-squared statistic (χ2 = ΣNi=0
(Iλ,obs,i−Iλ,mod,i)2
σ2
λ,obs,i
) over a grid
in parameter space, where Iλ,obs,i and Iλ,mod,i are the observed
and modeled flux densities of the ith pixel and σλ,obs,i is the un-
certainty on the former quantity.
We thus characterized the emission-line intensities in instru-
mental units, radial velocities, and velocity dispersions as func-
tions of position along the slit within both galaxies. All radial
velocities presented in this paper are heliocentric velocities de-
termined using the IRAF task astutil.rvcorrect. All line
widths are corrected for the instrumental resolution determined
from the comparison lamp spectra.
Fig. 2. Structure of the stellar body of VV 655 shown by the GALEX
far-UV image (grayscale) with overplotted contours from a Spitzer
Space Telescope 3.6 µm band-1 image. The outer isophote of VV 655
corresponds to ≈ 22.7 mag arcsec−2 (≈ 10 L pc−2) and is relatively
symmetric with no indication of tidal tails (see also Fig. 1).
2.2. Imaging and photometry
Archival images and photometry of VV 655 and NGC 4418 are
available from several sources; some of the derived properties of
these galaxies are summarized in Table 1. As shown in Fig. 2,
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the ultraviolet (UV) structure of VV 655 shows multiple UV-
bright starforming regions, consistent with the spatially extended
emission lines observed in our SALT spectrum (see §3.) Thus,
while the outer isophotes of VV 655 are fairly regular, the star
formation in this galaxy is found in multiple, discrete clumps,
suggestive of the irregular elliptical (iE) class of blue compact
dwarf galaxies (e.g., Loose & Thuan 1986).
For VV 655, we measured integrated magnitudes from
GALEX far-UV (FUV) and Spitzer 3.6 µm band-1 images (see
Fig. 2). The Spitzer 3.6 µm luminosity is ∼3×109 L, which
yields a stellar mass estimate of a few ×109 M. For comparison,
the gas mass associated with VV 655 is ∼1×109 M (Varenius
et al. 2017), and thus despite the loss of a considerable gas mass,
VV 655 remains quite gas-rich.
The star formation rate of VV 655 derived from the FUV lu-
minosity using the calibration of Kennicutt & Evans (2012) is
∼0.1 M yr−1, assuming E(B-V) = 0.07. This result is in good
agreement with the star formation rate reported by Varenius et al.
(2017). Despite its prominent young stellar population and sub-
stantial gas loss during the interaction with NGC 4418, VV 655
retains a sufficient gas supply to support star formation for ap-
proximately an additional Hubble time and thus displays star
formation properties that are typical of dwarf irregular systems
(Hunter & Gallagher 1985; van Zee 2001).
Since it is known that VV 655 and NGC 4418 are interacting
(e.g., Varenius et al. 2017), we investigated whether the stellar
bodies of either galaxy show evidence for associated tidal dis-
tortions. The young stellar population of VV 655 as observed
in the FUV is centrally concentrated, while the outer isophotes
in the infrared are relatively symmetric with no clear indication
of tidal tails. Deeper observations, however, are required to de-
termine the degree to which the tidal debris from VV 655 lacks
stars.
Figure 3 shows the g-band KiDS image of NGC 4418 (Kui-
jken et al. 2019) with a model of the galaxy disk subtracted to
display an arm-like feature on the southwest side of the galaxy.
To construct the disk profile, we made a smooth model of the
light distribution using the IRAF task ellipse. The bright star
that is projected against the galaxy to the east was effectively re-
moved by adopting the median option for deriving the isophote
levels. We used the bmodel capability in ellipse to produce
a symmetric model of the light distribution that we subtracted
from the original image to show the substructure. As the arm-
like feature is diffuse, we smoothed the original image with a
σ = 3 pixels (1.2′′) Gaussian kernel to improve the signal-to-
noise ratio before subtracting the model.
The arm-like structure revealed by this analysis is faint; its
contrast with respect to the surrounding disk is 5-10% and it
is detected at the 5 − 10σ level relative to the background after
model subtraction. The visible part of this feature, which we will
refer to as the ”outer arm” (see below), contains ∼1% of the total
R-band flux from the galaxy. At a projected distance of ∼ 4 kpc
from the center, the width of the outer arm is ≈ 6′′, or ≈ 1 kpc. It
is asymmetric in that a counterpart is not detected on the opposite
side of the galaxy. Since the stellar rotation of the southwest side
of NGC 4418 is redshifted (see Fig. 6 of Ohyama et al. 2019) and
extinction by a dusty polar outflow along the northwest semi-
minor axis suggests that the northwest side of the galactic disk
is the far side (Sakamoto et al. 2013; Ohyama et al. 2019), the
arm-like feature appears to be a trailing structure, as expected.
For this reason, we favor the interpretation of this feature as a
disk structure rather than a projected tidal stream in the halo.
The outer arm is also visible in the SDSS-III images, but
its presence to our knowledge has not been noted in the litera-
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Fig. 3. g-band image of NGC 4418 from the KiDS archive (Kuijken
et al. 2019) illustrating the internal structure of the outer disk before
(top) and after (bottom) subtraction of a disk model (middle). The im-
ages are smoothed with a σ = 3 pixels (1.2′′) Gaussian kernel to im-
prove the signal-to-noise ratio. The difference image reveals an asym-
metric feature, indicated by the arrow, that has the properties of a one-
sided tidal tail produced by a minor interaction. From the inside out, the
contour levels in the middle panel are at 80%, 60%, 40%, 20%, 10%,
and 5% of the surface brightness of the innermost contour. The central
pixels in NGC 4418 are excluded from the model fit due to dust struc-
tures at this location. The features near the center of the galaxy in the
bottom panel are due to undersubtraction of the smooth model from the
centrally complex, clumpy data.
ture. However, NGC 4418 has sometimes been classified as an
Sa galaxy with an outer ring. The presence of an outer ring is
not confirmed in modern data, but it is possible that the arm-like
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feature in NGC 4418 was detected but incorrectly interpreted in
some of the earlier studies.4
3. Ionized gas
3.1. Chemical abundances
We quantify and compare the gas-phase metallicities in VV 655
and NGC 4418 to explore the implications for gas transfer
events(s) between these galaxies. Our measured oxygen abun-
dance for the ionized gas in VV 655 is based on the strong
emission-line abundance calibration developed from SDSS spec-
tra by Curti et al. (2017, see their Fig. 9). Using emission-line
intensities for VV 655 from the SDSS single-fiber spectrum, we
find the index log(N2) = −1.01 ± 0.02, corresponding to [O/H]
= −0.3±0.1 or about 40−60% of the solar value (Asplund et al.
2009)5. The abundance based on the ratio of I([OIII]λ5007) to
I(Hβ) gives a similar result with an abundance of ∼60% of solar
in the MPA-JHU galaxy properties catalog.6
Using the SALT spectra, we quantify the spatially resolved
emission-line ratios in four regions of VV 655 - two star-forming
(r2 and r4) and two diffuse regions (r1 and r3; see Fig. 1). As
reported in Table 2, the [SII] doublet intensity ratio is close to
the low-density limit, indicating that most of the observed emis-
sion is coming from HII regions and surrounding diffuse ionized
gas. The low characteristic value of log(N2) = −1.0 ± 0.01 and
[NII] intensities below those of [SII] agree with a metallicity
approaching that of the Small Magellanic Cloud (SMC) across
the body of VV 655. Thus, both the SDSS-III and SALT ob-
servations indicate that the gas-phase metallicity in VV 655 is
distinctly sub-solar, suggesting that this galaxy is not a remnant
of what was once a considerably more massive galaxy and is
unlikely to have been heavily disrupted by its interaction with
NGC 4418.
As shown in Fig. 4 and Table 2, the emission-line ratios of
the ionized gas in VV 655 markedly differ from those of the ex-
tended ionized medium in its LIRG companion. For NGC 4418,
we report SALT measurements at the location of the optical con-
tinuum intensity peak (labeled nucleus) and at the largest dis-
tance from the center at which a spectrum with sufficient signal-
to-noise ratio could be extracted (R = 7.5′′ or 1.2 kpc to the
northwest). It is clear that the characteristic value of log(N2)
= 0.0 ± 0.04 observed in NGC 4418 is a dex larger than that
seen in VV 655; this value is consistent with that found from
the SDSS spectrum within the uncertainties. The ionized gas
along the south-southeast minor axis of NGC 4418 in the di-
rection towards VV 655 has emission-line ratios consistent with
ionized gas elsewhere in the galaxy. Ohyama et al. (2019) also
find N2 & 1 in the extended ionized medium of the galactic out-
flow, and their independent analysis of the red emission lines in
NGC 4418 agrees with our conclusion that the chemical abun-
dance of the ionized gas is near solar values.
Since the material of greatest interest - that of the ionized
outflow from the nucleus of NGC 4418 - may be excited by
shocks, chemical abundances based on emission-line observa-
tions must be considered with care. The optical spectra of su-
pernova remnants in the SMC, where shock excitation is an im-
portant factor, have high N2 values above those of HII regions
4 The Uppsala General Catalog of Galaxies (Nilson 1973) classifies
NGC 4418 as an Sa galaxy and notes the presence of a superimposed
companion that we suspect is the tidal arm feature.
5 N2 is the intensity ratio between the [NII]λ6583 and Hα emission
lines.
6 https://www.sdss.org/dr12/spectro/galaxy_mpajhu/
but less than unity, and a similar result is also found in the
Large Magellanic Cloud (Payne et al. 2007, 2008). As the shock-
excited supernova remnants in the Magellanic Clouds bracket
the likely chemical abundances in VV 655 and have N2 < 1, we
conclude that the ionized gas in NGC 4418 has higher metallic-
ity than the HII regions in VV 655.
3.2. Ionized gas kinematics in NGC 4418
The velocity pattern traced by the red [NII] line in the NGC 4418
SALT spectrum is consistent with that found by Ohyama et al.
(2019), with radial velocity slowly increasing along the minor
axis from the northwest to the southeast. Although our SALT
spectroscopy extends across the HI bridge connecting VV 655
and NGC 4418, we do not detect emission to appreciably larger
distances toward VV 655 than Ohyama et al. (∼ 10 − 15′′ or
1.6 − 2.4 kpc toward the dwarf galaxy; see their Fig. 4). Nei-
ther work suggests strong evidence for a direct disturbance of
the ionized gas envelope in NGC 4418 associated with the HI
tidal debris from VV 655. We do not detect emission lines at the
location of the HI bridge between the two galaxies. As the tidal
material is extended along an orbit that likely has at most moder-
ate eccentricity, any gas donated from VV 655 must interact and
lose angular momentum to reach the center of NGC 4418.
3.3. Galactic outflow from VV 655?
Figure 4 shows a redshifted velocity wing in the [NII]λ6583
emission line observed in the SALT spectra sampling diffuse re-
gions of VV 655. This feature is not seen in the Hα or [SII] lines,
indicating that it is a faint feature originating in gas with a high
N2 ratio. It has a maximum offset of ∼ 100 km s−1 from the
peak emission, and it reaches to an average observed velocity of
v[NII] = 2305 ± 10 km s−1 across the body of VV 655. Varenius
et al. (2017) model the HI emission in this galaxy with a blue and
a red component; the latter is centered at vHI = 2222.8 km s−1
with a full width at half maxium of 29.8 km s−1, and thus HI
is not detected at the maximum [NII] velocity within the errors.
While it is possible that HI with column densities below the de-
tection threshold is associated with the redshifted wing, there is
no evidence for an interaction between the ionized wing and the
HI in the present data.
In the left panel of Fig. 4, we decompose the [NII]λ6583
emission line observed in r1 into two Gaussian components, one
of which represents the redshifted wing. We find N2 & 0.2 for
the high-velocity gas in both r1 and r3, and thus this component
arises from gas with an N2 intensity ratio at least a factor of two
higher than is characteristic of VV 655, as often occurs when
gas is shock heated (e.g., Payne et al. 2007, 2008; Newman et al.
2014). This combination of a redshifted velocity wing and possi-
ble shock excitation is consistent with ionized gas outflows from
star-forming regions of dwarf galaxies. We note that these ve-
locities may also arise from chemically enriched, infalling gas
associated with a multi-phase galactic fountain flow or material
stripped from VV 655 and/or NGC 4418 via their interaction.
Using the baryonic Tully-Fisher relationship and assuming
an inclination of & 45 degrees based on the isophotal axis ratio,
we estimate a rotation speed vrot ≈ 90 km s−1 for VV 655 given
the calibration of Bell & de Jong (2001). Thus, if the redshifted
velocity wing is indicative of an outflow, the gas may require
assistance from tides and ram pressure to escape the galaxy, po-
tentially aiding the donation of mass and metals to NGC 4418
(see Bustard et al. 2018). Given the ongoing interaction and ex-
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Table 1. Properties of VV 655 and NGC 4418
VV 655 NGC 4418
Observed Property Measured Physical Measured Physical Notes
RA (J2000) 12h27m04.56s 12h26m54.62s a
Decl. (J2000) -00d54m23.2s -00d52m39.4s a
Redshift 2202 km s−1 34 Mpc 2106 km s−1 34 Mpc b
Far-UV Mag. 16.8 4×1042erg s−1 ... ... c
3.6 µm Mag. 12.5 2.4 ×109 L 9.9 2.7 ×1010 L d
HI Mass 1×109 M M(HI)/M∗ ≈ 1/2 ... ... e
RP(r) 18′′ 3.0 kpc 27′′ 4.3 kpc f
vrot 20 km s−1 30-90 km s−1 130 km s−1 150 km s−1 g
SFR ∼ 0.1 M yr−1 ∼ 3.2 M yr−1 h
a: From the NASA/IPAC Extragalactic Database (NED; https://ned.ipac.caltech.edu/). b: Systemic HI velocity from Varenius et al.
(2017). c: From GALEX archival images, this paper; NGC 4418 is on the edge of the GALEX field of view and thus its FUV magnitude is not
given. d: From Spitzer archival images, this paper. e: HI mass from Varenius et al. (2017), measured over the region shown in their Fig. 5; the HI
content of NGC 4418 is not well determined due to HI absorption. Stellar mass from L3.6 assuming M/L = 1. f: r-band Petrosian radius from
SDSS-III DR 12. g: From Varenius et al. (2017) and this paper (VV 655) and Ohyama et al. (2019) (NGC 4418). h: From Varenius et al. (2017),
as derived from the 1.4 GHz continuum, and this paper.
Table 2. Emission-line ratios for VV 655 and NGC 4418
Galaxy [OIII]λ5007/Hα [NII]λ6583/Hα [SII]λ6716/Hα [SII]λ6716/[SII]λ6731 Notes
SDSS-III
VV 655 0.62 ± 0.01 0.098 ± 0.004 0.150 ± 0.005 1.43 ± 0.07 a
NGC 4418 0.17 ± 0.04 0.95 ± 0.05 0.47 ± 0.04 1.2 ± 0.1 a
SALT-RSS
VV 655 (r1; Diffuse) ... 0.121 ± 0.007 0.230 ± 0.007 1.52 ± 0.08
VV 655 (r2: SF) ... 0.100 ± 0.002 0.170 ± 0.003 1.43 ± 0.04
VV 655 (r3; Diffuse) ... 0.105 ± 0.003 0.163 ± 0.003 1.35 ± 0.04
VV 655 (r4: SF) ... 0.091 ± 0.001 0.158 ± 0.001 1.43 ± 0.02
NGC 4418 (Nucleus) ... 1.27 ± 0.08 0.42 ± 0.06 1.1 ± 0.2 b
NGC 4418 (R = 7.5′′) ... 0.7 ± 0.1 0.45 ± 0.09 1.0 ± 0.3 b
a: Emission-line intensities and uncertainties are from the Portsmouth spectroscopic re-analysis presented on the SDSS-III DR 12 Science
Archive Server (http://skyserver.sdss.org/dr12/en/tools/explore/summary.aspx.) b: The continuum in the Hα region of
NGC 4418 is corrected for a broad stellar absorption line of strength ∼ 2.5 Å (see Fig. 4).
tended tidal debris associated with VV 655, gas escape aided
by the interaction is a reasonable possibility (McClure-Griffiths
et al. 2018), although gas confinement by ram pressure may also
occur (Marcolini et al. 2003; Bustard et al. 2018).
4. A close passage of VV 655 by NGC 4418:
Consideration of timescales
The HI maps of Varenius et al. (2017) present the case for
VV 655 to have made a close passage by NGC 4418 ∼ 100 −
400 Myr in the past. This timescale is broadly consistent with
the projected separation of the two galaxies on the sky (300 kpc)
and their relative radial velocities (∆v ≈ 100 km s−1). Varenius
et al. (2017) prefer a prograde model where the orbital angu-
lar momentum vector for VV 655 is roughly aligned with the
rotation vector for NGC 4418. However, since the dynamical
properties of NGC 4418 were not known at the time, they do
not exclude a retrograde interaction. Transient, arm-like stellar
density features on one side of a disk galaxy can originate from
such prograde, minor interactions. For example, Helmi et al.
(2003) and Purcell et al. (2011) discuss how interactions with
low-mass satellites can be responsible for arm-like ring features
in the outer disk of the Milky Way.
Following the discussion by Helmi et al. (2003), the limited
angular extent of the outer arm in NGC 4418 and its curvature
suggest that this is a relatively young feature. A tidal arm is ex-
pected to wrap up and circularize over approximately a rotation
time, or a few ×108 years; it will then be disrupted by differential
rotation over several more rotation periods, suggesting an age of
<1 Gyr. The outer arm may have originated in several ways dur-
ing an interaction, including disturbance of disk material, as in
the references above, or as a remnant of material captured from
VV 655 (e.g., Mihos & Hernquist 1994), though the regularity
of the outer isophotes of VV 655 at multiple wavlengths disfavor
this scenario (see Fig. 2). While the available data do not suffice
to fully illuminate the specific details of the dynamical event,
the age implied for the outer arm is consistent with its formation
during the close passage of VV 655.
Ohyama et al. (2019) analyzed an SDSS optical spectrum of
the central regions of NGC 4418 to identify the components of
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Fig. 4. SALT-RSS spectra of emission lines in the Hα region from VV 655 (left) and NGC 4418 (right). The blue and purple lines indicate fits
to the continuum and the single- and multi-component Gaussian emission-line profiles, respectively. The green curves indicate the error spectra.
Spectra are shown for a diffuse (r1) and a star-forming region (r4) in VV 655 and near the nucleus and at an offset of R = 7.5′′ (1.2 kpc) to the
northwest in NGC 4418. The difference in the N2 value of approximately an order of magnitude between the galaxies suggests that the metallicity
of the outflowing, ionized gas in NGC 4418 exceeds that of the HII regions in VV 655. As shown at left, in the diffuse regions of VV 655, a
redshifted [NII]λ6583 wing extends beyond the velocity range where there are currently HI detections (Varenius et al. 2017). We indicate upper
limits on the corresponding kinematic components in the Hα and [SII]λ6716 emission lines, which suggest that the redshifted component arises
from gas with an N2 intensity ratio that exceeds the characteristic value for VV 655 by at least a factor of two. Thus, this feature likely indicates the
presence of a shocked, ionized gas outflow. The wavelengths shown are the observed wavelengths. The feature near λ = 6624 Å is an instrumental
artifact.
its stellar populations(s) (see also Shi & Gu 2005). These authors
show that the stellar spectrum can be reproduced by combining a
recent “starburst" stellar component with an age of ∼10 Myr with
an older “postburst" population with an age of ∼300-400 Myr
that may result from an earlier, interaction-induced starburst.
Older populations are also present that produce about 40% of
the V-band central zone light. Thus, the optically visible stellar
populations are suggestive of an event where the central star for-
mation rate increased several hundreds of Myr in the past and
has since remained active into the present, consistent with the
close passage of VV 655 both fueling the nucleus of the LIRG
and forming the outer arm. We note that optical data do not probe
the deeply hidden region around the nucleus where a significant
fraction of the radiated power is likely to originate, and thus do
not offer reliable insights into the properties of a centrally lo-
cated active starburst in NGC 4418.
Our analysis of nebular emission-line intensities establishes
that the ionized gas in VV 655 has substantially lower metal-
licity than that in NGC 4418. The extended ionized medium in
NGC 4418 cannot have come recently from VV 655; any gas
transferred to the LIRG must have been in the galaxy for a suf-
ficient time to be chemically enriched. A gas residence time of
a few 100 Myr in NGC 4418 would be sufficient to enrich the
gas in α-elements and products of CNO nuclear burning (see,
e.g., Matteucci & Recchi 2001). Thus, this time span suffices
for any ISM transferred from VV 655 at the time of closest ap-
proach to be processed through multiple stellar generations and
enriched in chemical elements, consistent with the relative gas-
phase chemical abundances of VV 655 and NGC 4418 and the
presence of dust in the apparent outflow cone (e.g., Evans et al.
2003; Sakamoto et al. 2013).
5. Discussion and conclusions
The combination of a LIRG classification, post-starburst optical
spectrum, and unusual polar dust plumes indicate that NGC 4418
is in a transitory evolutionary phase. These properties are gener-
ally understood to result from an infusion of gas into the central
regions of galaxies. The resulting high-density ISM can support
active star formation and potentially fuel a central supermas-
sive black hole. The gas mass involved in the central activity
in NGC 4418 is ≥109 M based on the masses of the young stars
and molecular gas (Lisenfeld et al. 2000; Ohyama et al. 2019),
which sets a limit on the nature of potential gas donors.
Interactions are the most likely triggers for gas infall events
in present day galaxies, and major mergers are well established
to generate dense central concentrations of molecular gas and as-
sociated luminous central starbursts. NGC 4418, however, does
not display the prominent tidal tails, shells, or substantial asym-
metries in its stellar body that are associated with major mergers.
A minor merger, while capable of producing the observed behav-
ior (e.g., Mihos & Hernquist 1994; Hernquist & Mihos 1995), is
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also unlikely. Such a merger would have required the presence
of a second, low-mass but gas-rich companion galaxy in addition
to VV 655 that has since merged with the LIRG. While possible,
this scenario has a low probability of occurrance given the rarity
of galaxies with two gas-rich satellites that could supply the nec-
essary ∼109 M of ISM (Liu et al. 2011; Tollerud et al. 2011).
A second possibility, considered by Mapelli et al. (2015), is
for gas to be transferred from VV 655 to NGC 4418. Models by
Mapelli et al. (2015) indicate that gas capture from an orbiting
satellite galaxy can occur but will be inefficient. They estimate
that about 10% of the satellite’s gas can be transferred and poten-
tially migrate to the center of the primary system. In NGC 4418,
this model suggests an initial gas reservoir of ≈ 1010 M in
VV 655. This exceeds the estimated HI mass associated with
VV 655 from Varenius et al. (2017) by an order of magnitude.
The lack of irregular ionized gas kinematics along the minor axis
of NGC 4418 and the need for any accreted material to lose an-
gular momentum to migrate to the nuclear regions of the LIRG
are also potential challenges to this model.
The third scenario to consider is that the perigalacticon pas-
sage of VV 655, likely on a prograde orbit, perturbed the pre-
existing ISM in NGC 4418 and led to its central concentration.
A variety of models show that a satellite with an SMC-like mass,
such as VV 655, can produce tidal torques that result in a sig-
nificant inward migration of the initial gas disk (Pettitt et al.
2016; Ramón-Fox & Aceves 2019). Indeed, the possibility of
an interaction-induced inflow of molecular gas in the nucleus of
NGC 4418 was raised by Kawara et al. (1990) and González-
Alfonso et al. (2012). Studies of the HI content of early-type
galaxies reveal that gas masses in the range of 109 M are rel-
atively common (e.g., Noordermeer et al. 2005; Morganti et al.
2006; Oosterloo et al. 2007), with considerable circumgalactic
reservoirs of cool gas comparable to those found in late-type
galaxies also often associated with such systems (Zahedy et al.
2019). It is thus entirely plausible for NGC 4418 to have con-
tained a substantial ISM prior to its interaction with VV 655,
consisting largely of HI supporting low levels of star formation.
This class of models appears most likely to apply in the case
of NGC 4418 as it requires fewer special circumstances than
either of the other two scenarios and has the added advantage
that the gas in an early-type galaxy is expected to be at least
moderately metal-rich and dusty (Griffith et al. 2019). This is
in contrast to the possibility discussed by Varenius et al. (2017)
in which the nucleus of NGC 4418 is fed by ongoing accretion
from VV 655’s tidal debris. While it is possible that a gas trans-
fer event occurred during close passage and the donated material
has since been chemically enriched in NGC 4418, the simplest
model suggests that this is not the primary mechanism responsi-
ble for the unusual nuclear properties of the LIRG.
The innermost zones of NGC 4418, however, are deeply ob-
scured in our optical observations. The ionized gas chemical
abundances derived from optical data do not necessarily reflect
conditions in the innermost nuclear region, unless gas is circu-
lating between the nucleus and its surroundings. The presence
of dusty plumes associated with a galactic outflow suggests that
the ISM is unlikely to be quiescent and unmixed (see Ohyama
et al. 2019); however, the degree to which mixing can occur is
uncertain. Thus, it merits consideration whether the nucleus of
NGC 4418 could be metal-poor due to recently accreted mate-
rial from VV 655.
The rich molecular-line emission from the core of NGC 4418
is well observed and allows us to test for dense, metal-poor gas.
Investigations of relative molecular abundances by Lahuis et al.
(2007) and Costagliola et al. (2015) emphasize the diversity of
the molecular content, including the prominence of nitrogen-
bearing molecules such as HCN. Sakamoto et al. (2013) and
Costagliola et al. (2015) also point to the similarity between
emission in the nuclear region of NGC 4418 and that from the
massive merger Arp 220. These data indicate that the dense nu-
clear region of NGC 4418 is not deficient in 14N. This is a strong
constraint since VV 655 is observed to have a low abundance of
this secondary element.
We conclude that a recent close passage between VV 655 and
NGC 4418 affected the evolutionary trajectories of both galaxies.
The unusual nuclear properties of NGC 4418 most likely result
from internal inward migration of its ISM due to tidal torquing
by VV 655 that occurred ∼300 Myr in the past. This event led
to the central starburst as well as the likely ongoing substan-
tial growth of the supermassive black hole in NGC 4418 (see
Sakamoto et al. 2013; Roche et al. 2015, and references therein).
For its part, VV 655 is actively starforming; as tabulated in the
SDSS emissionLinesPort catalog, its Hα equivalent width of
≈ 80 Å is consistent with a starburst, likely induced by the in-
teraction. VV 655 has clearly lost gas due to the interaction,
yet retains low metallicity in its ISM. The presence of a metal-
enhanced outflow, possibly stronger in the past, may partially
account for the low metallicity in this system.
In this scenario, the presence of extremely Compton-thick
molecular gas around the nucleus of NGC 4418 is occurring in
the late phases of its interaction with VV 655, ∼300 Myr after
the peak of the associated starburst event in NGC 4418. This pro-
cess stands in contrast to cases such as Arp 220, where extreme
nuclear column densities are associated with high-intensity star-
bursts in an ongoing major merger. The NGC 4418 - VV 655
interaction therefore serves as a signpost for the potential of mi-
nor interactions to produce profound effects, including an ex-
tremely Compton-thick nucleus, long after the peak of a colli-
sionally induced disturbance from a low-mass companion. This
case study thus illustrates that minor interactions can have con-
siderable consequences for the more massive galaxy, motivating
further statistical studies and simulations to determine the phys-
ical conditions under which the primary galaxy undergoes such
significant evolutionary effects.
Given the increase in galaxy interaction rates with redshift,
it is important to understand how various interaction scenarios
shape the ISM. The relative frequency of interactions between
giant galaxies and low-mass companions underscores the im-
portance of characterizing such systems at low redshift, where
a spatially resolved understanding of their stellar populations,
morphologies, and gas kinematics and chemical abundances in-
form the physics driving the evolution of similar systems in the
early universe.
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